The specific heat and enthalpy of four different types of meats (Veal, Hashi, Noeimi, and Najdi) were determined in the temperature range of -40 to 40°C and moisture content range of 30-75% (wet basis). The two properties were measured by the modulated differential scanning calorimeter (MDSC). The specific heat increased almost linearly more significantly with the increasing levels of moisture content than temperature. Multiple regression models with high R 2 values were developed to correlate specific heat as a function of moisture content. Statistical analysis revealed that moisture content had significant effect on specific heat of meats. Experimental enthalpy data were compared with predictive models from the literature which gave similar results but none of them was suitable to interpret MDSC results in the temperature range of phase change.
INTRODUCTION
The thermal properties of food materials especially enthalpy and specific heat as a function of process conditions are necessary for the efficient design of unit operations involving heat transfer or analysis of existing processes such as heating, cooling, freezing and thawing. In order to analyze heat transfer in meat undergoing freezing or thawing, the enthalpy and specific heat must be known or estimated accurately. [1] Values of enthalpy and specific heat depend strongly on temperature and moisture content. [2] [3] [4] Enthalpy and specific heat data are available in the literature for various food materials, including boneless mutton, [3] shrimp meat, [5] chicken breast, [6] beef, [7] ground beef, [8] fried shrimp, [9] shucked oysters, [10] Tuna, [11] and hamburger. [12] However, the information of thermal properties viz. enthalpy and specific heat of meats under study concerning the effects of temperature and moisture content is lacking in the literature.
Fresh meat of Veal, Hashi, Noeimi and Najdi were obtained from a local meat company in Riyadh. The meat was taken from the 'red' muscles of the hip and thigh. All visible fat was removed from the muscle tissues before they were minced using an ordinary household mincer/mixer. Both the mincing and mixing processes helped to render homogeneous minced meat with the least voids when filling into the test cylinders. The minced meats were later dried to obtain the various MCs following the procedures outlined by Nesvadba and Eunson. [19] The composition for the different meats is shown in Table 1 .
For each trial, an amount of 0.5 kg were spread out in 1-cm thick layers on several trays and dried in a wind tunnel at an air temperature 24-25°C, wind speed 1.2 m/s, and ambient humidity 55%. The mince was stirred at intervals to ensure uniform drying. After drying to the required MC (monitored by weighing the trays), the mince was either used immediately or sealed in polyethylene bags and stored in the refrigerator at 4°C for later use. Before the DSC trials, samples were well equilibrated to the test condition prior to testing. The meat samples were firm with no evidence of free water when placed in the DSC sample holder. 
Modulated Differential Scanning Calorimetry (MDSC)
The modulated DSC analyses were conducted (DSC Q100, TA Instruments, Ltd., Leatherhead, England) over a temperature range from −60 to + 60°C. The linear heating rate was 5°C/min, and the heating-only modulation condition used was a period of 100s with amplitude of 1°C. This set of conditions was designed to increase sensitivity for detecting weak transitions. Baseline, temperature, heat flow, and heat capacity calibrations were carried out on the instrument using indium and sapphire [20] . Triplicate meat samples of 10-20 mg were hermetically sealed (Sample Encapsulating Press, TA Instruments) in preweighed 40 ml aluminum pans. All analyses were achieved with the use of dry nitrogen gas (AGA, 99.9% N2) at 50-60 ml/min to eliminate water condensation in the measuring cell.
Specific Heat and Enthalpy Determination
Three trials were performed on each meat type. The specific heat (C p ) values were obtained as a function of temperature (from −40°C to 40°C) as a direct output of the DSC Advantage for Q Series V1.2.0.147 software program (TA Instruments, Ltd., Leatherhead, England). The enthalpy change (ΔH T ) between −40 and 40°C was obtained, in accordance with specifications of the equipment manufacturer. The integration was preformed using the Advantage for Q Series V1.2.0.147 software program. A heat analysis software kit was used to calculate enthalpy and heat capacity from the heat flow data.
Moisture Content Determination
Moisture content of meat was determined by oven method following the procedure described in the AOAC official methods of analysis [21] for meat and meat products by the oven dry method.
Statistical Analysis
Effects of T and MC on enthalpy and specific heat were analyzed to determine a statistical difference using the General Linear Model, GLM software package. [22] Least significant difference (LSD) at 5% was used to define significant differences between mean values. Figure 1 shows MDSC specific heat curves for various meat types as at different moisture content for the temperature range studied (−40 to 40°C). The peaks in the curves were due to the phase change during the melting process. Specific heat increased rapidly as temperature approaches the initial melting temperature, indicating the region where major portions on the latent heat of fusion are removed from the product. At the initial melting temperature, the apparent specific heat function reaches a near discontinuity and increases to magnitudes for the unfrozen product at temperature below the initial melting temperature.
RESULTS AND DISCUSSION

Specific Heat
MDSC scans illustrate typical changes in specific heat below and above melting due to changes in water status. The changing peaks obtained are due to the change of water status and its link with other components. Above the freezing and refrigeration temperatures, the variation of specific heat of food products can be described sufficiently as linear functions of temperature and moisture content, [2, [23] [24] [25] therefore, a linear regression analyses were performed on the results in order to correlate the specific heat values with temperature and moisture content using ANOVA statistical analysis [22] below freezing for the different meat types. The specific heat models and the correlation coefficients are given in Table 2 . The correlation coefficients ranged from 0.916 to 0.987 for the meat types studied. The results indicated that the specific heat increased with increasing temperature but more prominently at higher temperatures. In other words, the obtained results suggest the occurrence of straight-lined dependencies of the specific heat on temperature for all types below freezing. For the above freezing range, it can be seen that specific heat changed very little between 10 and 40°C and its values with the standard deviation are given in Table 3 . For any particular temperature interval studied, the specific heat values increased with the increase of moisture content. Multiple regression models with specific heat for the different meat types as a function of temperature (from −40 to −15°C) and moisture content (30, 45, 60, 75% w.b.) were fitted to the experimental values below freezing. The resulted models are presented in Table 4 . A more general model was also fitted to correlate all the experimental values obtained for the four meat types with both temperature and moisture content. This yielded the following equation:
Prediction models were tested against the experimental values obtained at 75% moisture content and temperature range of −40 to −15C°. The results showed a good agreement between the developed models and actual data as shown in Table 5 .
Enthalpy
Taking the temperature datum as −40°C, enthalpy (H T ) was calculated up to 40° for the four meat types as it is illustrated in Figs. 2 to 5. The actual data are shown in Table 6 . For all meat types, there was a rapid nonlinear increase in the enthalpy as temperatures approached the critical temperature (about −5°C). Beyond the critical temperature, further change in temperature resulted in a linear change in the enthalpy. There was a marked change at the critical temperature, in the rate of change of enthalpy with respect to temperature. The region of rapid changes in enthalpy is the zone of intensive thawing in which frozen moisture in the product is converted to liquid. It is therefore a vital region during the thawing (or freezing) process. The results show more gradual thawing in the samples with lower moisture contents. In other words, products with higher moisture contents are likely to behave like pure ice with sharper phase changes and peaks [9] . The results also indicated that the enthalpy increased with increasing temperature and moisture content. The patterns of variations of enthalpy obtained in this study are typical of results reported elsewhere for similar products. For example, enthalpy values ranged from 291.36 to 428.50 kJ/kg for Noeimi meat at 40°C and moisture contents 30 to 75%. This agreed well with the reported values for different meats found in the literature. [16, 26] However, food freezing operations of meat, take place over a wide range of conditions: overall heat transfer coefficients, initial and final product temperatures, environment temperature, product size and shape. It is recognized that from the engineering point of view, the real test of a food enthalpy model is whether it will allow accurate prediction of freezing times and heat loads. So the uncertainties of the calorimetric properties and models obtained through the current study should be separately evaluated and tested. Parducci and Duckworth [27] mentioned that the lower moisture content was, the lower melting point obtained and the broader the melting peak was. This study confirmed this conclusion. Also it could be concluded that the onset melting point is specific for each meat type investigated in the current study.
Mathematical models for the enthalpy of meats are available in the literature. [28] [29] [30] All of these models are semi-theoretical since they are based on the theory of freezing point lowering of solutions. These models need some empirical parameter such as bound water and initial freezing temperature. Three of the available models, Mellor model, [25] Mascheroni model, [31] and Tocci et al. [32] were tested against the experimental data of enthalpy obtained here. In all cases, a reference temperature of −40°C was taken for zero enthalpy. The three models tested and their parameters are presented below, where W is the water content (kg/kg) and H cr (kJ/kg) is the enthalpy evaluated at the initial freezing temperature T cr (°C). 
Mascheroni Model
Tocci et al. Model
The equation was used to estimate the initial freezing temperature as a function of moisture content. For the purpose of clarity, comparison between experimental data and the data from Mascheroni model were made and shown in Figs. 6 to 9. The comparison exhibited a poor agreement especially the meat samples with the least moisture content and therefore the 30% MC results were discarded. The best agreements were obtained at higher moisture contents (60 and 75% w.b.). Experimental enthalpy values show a more gradual thawing than theoretical model equations which predict a slower rate of phase change at lower temperatures and a much higher rate near T cr . One possible explanation is given by the origin of all predictive methods, which are based on experimental data from calorimetric determinations of bigger samples (several grams). [33] These samples, which were frozen much more slowly than those of DSC experiments, have a high proportion of extra cellular ice crystals that tend to behave as 'pure ice', thus giving a sharp phase change peak. On the other hand, DSC samples are very small, and therefore, experience rapid freezing, a fact that causes intracellular ice formation. In this case, the sample behaves during thawing 'as a solution' thus giving a wider phase change peak, although with a total enthalpy of phase change similar to that of bigger samples. 
CONCLUSIONS
The specific heat and enthalpy of the four meat types were determined at the temperature range from −40 to 40C using the modulated differential scanning calorimeter. The results showed similar MDSC curves for the variation of specific heat and enthalpy with temperature and moisture content in the ranges tested. The three models tested gave similar results and none of them was especially suitable to interpret MDSC results in the temperature range of phase change. Model 60% Exp 60%
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